Bimetallic nanocatalysts in ordered MCM-41 mesoporous silica have been synthesized using a one-pot hydrothermal procedure. The catalysts have been characterized using N2 adsorption-desorption isotherms, X-ray diffraction, highresolution transmission electron microscopy, Fourier transform infrared spectroscopy, and thermogravimetric-differential scanning calorimetry techniques. The mesoporous silica support showed surface area of about 974 m 2 /g and average pore size of 2.8 nm while upon metal encapsulation they decreased to 775 m 2 /g and 2.16 nm, respectively. While the small angle XRD studies confirmed the ordered structure of the silica, the HRTEM studies show uniform distribution of the metallic nanoparticles in mesoporous silica. Initial studies of the bimetallic nanocatalysts showed excellent activity for methanol conversion (~97% for Pd-Co/MCM-41 vs ~ 40% for Co/MCM-41) and selectivity to hydrogen (~95% for Pd-Co/MCM-41 vs 81% for Co/MCM-41), compared to the MCM-41containing only Pd or Co metal. This result suggested a synergistic interaction between the bimetallic nanocatalysts which resulted in a high methanol conversion and superior selectivity compared to the catalysts containing individual metals. Further investigations are underway to observe the effect of metal loading and the weight ratio on CO selectivity, methanol conversion, and catalyst deactivation at different operating conditions.
Introduction
The hydrogen-based economy is expected to play a key role in meeting future energy needs and lowering dependence on foreign oil. Stringent emission regulation and recent global energy shortage have stimulated research and development in the area of fuel cell. Ultra pure H2 is required for the proper functionality of proton exchange membrane fuel cells. Methanol is the most suitable source of H2 due to its availability, high H/C ratio, easy production, and can be conveniently stored and also transported for in-situ H2 production [1] . Catalytic steam reforming of methanol (SRM) for H2 production using conventional macroscale reactors [2, 3] and microreactors [4, 5] has been investigated before. Most of the commercial catalysts available for steam reforming reactions (SRRs) are not environmentally viable due to their high carbon monoxide conversion. Iwasa et al. [6] discovered that Pd can be used selectively for H2 production and the catalytic properties of Pd can be significantly tailored to a highly active and selective catalyst for SRR by supporting Pd on ZnO. The precious metal in the presence of non-noble metal support inhibits the coke formation and the oxidation of non-noble metal under atmospheric pressure.
Mesoporous material encapsulated nanocatalyst have found renewed attention of catalysis researchers due to their high surface area and pore size, enhancing dispersion and reducibility of the catalyst, and is more selective toward hydrogen production [7] . A critical review of literature shows that synthesis of meso-and micro-porous materials with metal-doped structures are good candidates for the production of hydrogen. Our previous studies [8] on MCM-41 supported Pd-Ni catalysts for SRM have shown promising results with methanol conversion up to 90% and good hydrogen selectivity in the temperature range of 250-300°C. Here, we report synthesis and characterization of MCM-41 encapsulated bimetallic PdCo nanocatalyst and its use for SRM to hydrogen production.
Experimental

Materials and methods
All materials used for synthesis were ACS grade and used without further purification. Tetramethylorthosilicate, 99% (TMOS), and ammonia solution, reagent ACS, were purchased from Acros Organics, NJ. Hexadecyltrimethylammonium bromide minimum, 99% (CTAB) and Cobalt (II) Chloride hexahydrate were procured from Sigma-Aldrich, Missouri. Pd(NO3)2 solution, Pd [8] . Different amounts of metal salts were used to vary the Pd/Co ratios in the samples. The composition of different Pd-Co catalysts is shown in Table 1 . First, a measured quantity of CTAB was dissolved in water at a constant temperature of 40°C. Then, a desired amount of first metal salt was dissolved in 20 ml ethanol in a separate beaker. Second metal salt was then added with continuous stirring. The bimetallic solution was added very slowly to the CTAB solution while stirring vigorously for 20 min. TMOS was added to the mixture and stirred thoroughly to hydrolyze the silica precursor for 30 min, followed by addition of ammonia dropwise to the solution until a pH of 10 was attained and the resulting solution was further stirred for 3 h. The resulting material was aged in an oven at 65°C for 14 h. The solid product was filtered, washed with water until the pH of the filtrate was 7 and finally with acetone and ethanol. The filtered material was dried at 100°C for 24 h followed by calcination at 560°C for 24 h.
Catalyst characterization and testing for SRM
BET surface area, pore size distribution, and total pore volume were determined using N2 adsorption-desorption isotherm obtained at 77.2 K using a NOVA 2200e (Quantachrome Inc, USA) instrument. The ordered structure of support material and the metal dispersion were analyzed using transmission electron microscope (TEM Hitachi HF2200). The Thermo Gravimetric Analyzer-Differential scanning calorimeter (TGA-DSC) studies were carried out using a SDT Q600 V20.4 Build 14 system (TA Instruments, New Castle, DE). Small angle XRD patterns were obtained using D8 Discover X-Ray Diffractometer (Bruker AXS) with CuKα radiations. The FTIR spectra of the catalysts samples were recorded using a Nicolet was then mixed with sand and then loaded to the reactor. Before each SRM experiment, the catalyst was further reduced in-situ at 623 K for 1 h under 4% H2 (balance Ar) atmosphere. Methanol:water molar ratio of 1:3 as a reactant feed was used for all experiments. The reaction products were analyzed on an on-line HP 5890 gas chromatograph. The unreacted methanol-water mixture was separated from the products by a metal condenser maintained at 270 K temperature and was analyzed using Gow-Mac Series 350 GC to determine methanol conversion.
Results and discussion
Characterization of Pd-Co in mesoporous silica
Figure 1(a) shows the TGA-DSC profiles for the MCM-41 support without metals. A strong exotherm was observed at ~330°C which was associated with a drastic weight loss. This can be attributed to the removal of CTAB that was used as templating agent. The powder X-ray diffraction patterns of synthesized MCM-41 and various Pd-Co-MCM-41 are shown in Figure 1(b) . The three clearly observed peaks for the MCM-41 can be attributed to the d100, d110, and d200 reflections of a two dimensional hexagonal unit cell [9] . The d100 values of parent MCM-41 and PdCo-MCM-41 samples are 37.53 Å and 34.03 Å, respectively. The decrease in the d-spacing on incorporation of PdCo might be due to the presence of bimetallic nanostructures on the pore walls or frame work of silica network of MCM-41. Furthermore, the decreasing intensities and broadening of the peaks are indicative of the loss of the long-range order due to interaction of PdCo with silica. The N2 adsorption/desorption isotherm measurements for different PdCo silica materials (B-I, B-II, B-V, B-VI) are shown in Figure 2(a) . All the isotherms are of type IV, typical of mesoporous solid materials [10] . The specific surface area of the prepared materials decreases with the increase in Pd-Co loading. The selected catalysts pore size distributions and total pore volumes are derived from adsorption and desorption isotherm data presented in Table 2 . Figure 2(b) shows the FTIR spectra of MCM-41 and Pd-Co-MCM-41. A broad absorption band observed in the range of 2900-3550 cm −1 indicates the presence of Si-OH asymmetric stretching vibrations. The strong absorption bands centered at about 1100 and 820 cm −1 for MCM-41 are due to the symmetric and asymmetric stretching vibrations of the tetrahedral SiO4 units [11] . The absorption bands at about 1650 and 1140 cm −1 are attributed to symmetric and asymmetric stretching Si-O-Si vibrations, respectively. The bands at 675 and 585 cm −1 can be due to the stretching vibrations of SiO2 tetrahedra and CoO2 and PdO2. These bands suggest an interaction between hetero atoms and silicon in Si-O-M units. The TEM images shown in Figure 3 confirm the presence of metal nanoparticles and the existence of ordered mesopores in prepared MCM-41.
As pointed out in our previous report, the HRTEM images indicate that size of silica varies from 70 to 300 nm. The metal particles are distributed in mesoporous silica. Elemental analysis, performed with a small electron probe using the HRTEM detector over wide-range domains and over several spots of Pd-Co-MCM41 materials suggest uniform distribution of the bimetallic nanoparticles [12] .
Preliminary methanol reforming studies using Pd-Co-MCM41 catalyst
The catalytic activity of the activated Pd-Co-MCM-41 catalyst was investigated for SRM to produce H2. The overall reaction for SRM is:
Many studies have shown that the reaction mechanism of SRM involves decomposition followed by water gas shift reaction generating carbon monoxide and carbon dioxide as byproducts.
The selectivity of H2 is determined as :SH2 = H2(out) / (H2(out) + COout + CO2out) and methanol conversion is defined as: (moles of methanol reacted/ moles of methanol fed) × 100. SRM experiments were carried out at three different temperatures of 523, 573, and 623 K with 0.2 ml/min feed flow. Figure 4(a) shows the effect of temperature on the conversion of methanol on Co/MCM-41, Pd/MCM-41, Co-Pd (H)/MCM-41, and Co-Pd (H)/MCM-41 catalysts. Methanol conversion for Co goes down with increasing temperature while for Pd alone it slightly increases and essentially remains constant. For bimetallic MCM-PdCo, there is a gradual increase in conversion of methanol with temperature at both higher (H) and lower (L) loadings of Pd-Co bimetallic species. The selectivity for H2 production for these catalysts is shown in Figure 4(b) . While the selectivity remains constant for Pd and Pd:Co bimetallic system with increase in temperature, the selectivity is much lower for cobalt and it decreases with increase in temperature. 
Conclusions
We have synthesized mesoporous silica containing Pd-Co nanoparticles by onepot procedure using CTAB as a surfactant as a template. Characterization of PdCo in mesoporous silica indicates that the metal nanoparticles are uniformly distributed. The high resolution TEM measurements together with N2 adsorptiondesorption studies confirm the existence of an ordered mesoporous structure. Our studies of the catalysts for the SRM reaction show excellent methanol conversion and selectivity to hydrogen, compared to the catalyst containing each individual metal indicating the synergistic behavior of the bimetallic nanocatalysts. Thus, the bimetallic nanocatalysts in mesoporous silica have potential for H2 production from biofuels to provide a solution to the energy and green chemistry challenges and can be used for high-temperature steam reforming of other alcohols.
